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INTRODUCTION p27 promotes autophagosome maturation
The fusion of autophagosomes with lysosomes plays an essential role in autophagic cargo 190 degradation 52 . To further dissect the role of p27 in autophagy, the morphology of LC3B vesicles, 191 which include pre-autophagosomal structures, autophagosomes and autolysosomes, was were abundant instead ( Fig. S3A, B) . 197 The autophagy receptor p62/SQSTM1 is recruited to autophagosomes prior to their closing 198 and degraded along with its cargo in autolysosomes 54 . Interestingly, ring-like structures in p27 +/+ 199 MEFs rarely colocalized with p62, while small LC3-positive vesicles in p27 -/cells exhibited 200 frequent p62 colocalization ( Fig. S3A, C) . These observations indicate that recognition and 201 sequestration of autophagosome cargo is not affected in cells lacking p27 since p62, which 202 targets cargo to LC3B+ autophagosomes, colocalizes with LC3B 54, 55 . However, the persistence 203 of p62/LC3B colocalization in p27 -/cells suggests defective p62 degradation, which could be 204 due to failure of autophagosome/lysosome fusion or reduced proteolytic activity within 205 autolysosomes. Indeed, the loss of p62 within ring-shaped structures in p27 +/+ MEFs supports the 206 idea that they represent mature autolysosomes with partially degraded cytoplasmic material, 207 including p62. This was confirmed by CQ treatment, which blocks autophagic degradation but 208 not autophagosome maturation. CQ restored p62 and LC3B colocalization in p27 +/+ cells, 209 without noticeable effect in p27 -/cells ( Fig. S3A, C) . 210 Autophagosome/lysosome fusion was not affected in p27 -/cells since colocalization of 211 LC3B (autophagosome marker) and LAMP2 (lysosomal marker) was similar in aa-deprived 212 p27 +/+ and p27 -/cells treated with CQ to prevent LC3B degradation ( Fig. S3D, E) . Thus, our 213 results suggest that p27 controls autophagy after autophagosome/lysosome fusion, possibly by 214 regulating lysosome function.
215
Lysosomal function is decreased in absence of p27 216 To investigate the role of p27 in lysosomal function, the degradative capacity of lysosomes in 217 p27 +/+ and p27 -/-MEFs was compared ( Fig. 3) . First, BSA dequenching assays were performed, 218 in which self-quenched BODIPY-FITC BSA (DQ-BSA) acts as a lysosomal proteolysis sensor when BODIPY fluorescence is dequenched by protease activity within lysosomes 56 . These 220 experiments showed that BODIPY signal was abundant in p27 +/+ cells in aa-deprivation 221 conditions as a result of BSA dequenching, whereas only low signal was detected in p27 -/cells 222 (Fig. 3A, B) . CQ, which delays BSA dequenching by suppressing lysosomal function, was used 223 as a negative control in these experiments (Fig. 3A) . This difference was not due to altered 224 endocytosis in p27 -/cells, since uptake of TRITC-Dextran 40, which also enters cells via fluid-225 phase endocytosis 57 , was similar in p27 +/+ and p27 -/cells (Fig. S3F) . 226 Second, Cathepsin B, a lysosomal enzyme essential for autophagy, is synthesized as inactive suggesting that proteolytic activity in lysosomes is reduced in absence of p27. Surprisingly, there 231 was no compensatory elevation of pro-cathepsin B levels in p27 -/cells, implying that expression 232 of the protein is affected in aa-deprivation conditions in these cells (see below).
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Finally, while Lysotracker staining of acidic vesicles in p27 +/+ and p27 -/cells was similar in 234 full medium, it was decreased in aa-starved p27 -/cells compared to wild-type ( Fig. 3E, F ). This 235 decrease was not due to a reduction of lysosomal compartment size, estimated by LAMP2 236 immunostaining ( Fig. S3G, H) . These results indicate that p27 regulates lysosomal acidification 237 and the activation of lysosomal proteases, thereby affecting autophagic degradation. 238 p27 affects Ragulator assembly and function on lysosomal membranes 239 Our results suggest that p27 controls autophagy by acting directly from the lysosomal 240 surface. Interestingly, p27RF-Rho (p27 Kip1 Releasing Factor from RhoA), a previously identified 241 p27 binding partner 59 , is in fact p18/LAMTOR1 (Late ensodome/lysosome membrane adaptor, 242 MAPK and mTORC1). LAMTOR1 has been implicated in trafficking of intracellular organelles, 243 lysosomal function, cytoskeleton regulation and modulation of mTOR and MAPK signaling 23, 59-244 62 . LAMTOR1 acts as a lysosomal anchor and scaffold for the other subunits of the pentameric 245 Ragulator complex, which mediates mTORC1 activation 23, 63-65 . In response to aa, Ragulator acts 246 as a platform to recruit Rag GTPases to lysosomal. In turn Rags recruit mTOR on lysosomes, 247 where it can be activated by Rheb 23, 24, 62, 66-68 . Ragulator and SLC38A9 also act as atypical GEFs 248 for RagC/D and A/B, respectively, and GTP loading of RagA/B is required for mTOR 249 recruitment to lysosomes 69 . Thus, LAMTOR1 plays an essential role in the assembly and localization of Ragulator and in the recruitment of mTOR on lysosomes and LAMTOR1 251 depletion impairs lysosome maturation, fusion with autophagosomes and autophagy flux 60, 61, 70 .
252
Here, we investigated the role of the p27/LAMTOR1 interaction in the context of autophagy.
253
The p27/LAMTOR1 interaction was confirmed by co-immunoprecipitation (co-IP) in 254 HEK293 cells overexpressing LAMTOR1 and p27 or p27 CK- (Fig. 4A ), indicating that this 255 interaction does not require cyclin-CDK complexes. Pull-down assays with recombinant 256 LAMTOR1 and p27 or p27 CKshowed a direct interaction between the two partners ( Fig. 4B ).
257
Pull-downs with various GST-p27 mutants on HEK293 lysates expressing LAMTOR1 indicated 258 that LAMTOR1 bound to the C-terminal half of p27 (aa 88-198), while binding to a p27 259 mutant was decreased ( Fig. 4C ). This is consistent with the C-terminus of p27 being required for 260 binding to RhoA and that LAMTOR1 competes with RhoA for binding to p27 13, 59, 71 . The 
265
Since LAMTOR1 acts as a scaffold for the other Ragulator subunits (LAMTOR2, -3, -4 and -266 5) 23, 72-74 , we tested if p27 expression affects the interaction of LAMTOR1 with its partners by 267 co-IP in HEK293 cells expressing LAMTOR1 and one of its partners. p27 competed with 268 LAMTOR2, -3 and -5, but not LAMTOR4, for binding to LAMTOR1 ( Fig. 4G-H ), suggesting 269 that p27 interferes with Ragulator complex assembly. Since LAMTOR4 remains bound to 270 LAMTOR1 in presence of p27, we tried to co-IP endogenous LAMTOR4 and p27 in MEFs. In 271 full medium, no LAMTOR4/p27 interaction was detected, but it became apparent after aa 272 starvation for 24 h (Fig. 4I ). No LAMTOR2, -3 and -5 could be detected in these experiments. 273 Similarly, a LAMTOR4/p27 PLA was readily detectable, at low levels in full medium and 274 sharply increased in aa starved MEFs ( Fig. S4 and S2 ). Moreover, immunostaining of these PLA with CQ blocked mTOR re-activation in p27 +/+ MEFs, it had no effect in p27 -/cells ( Fig. 7A, B ), suggesting that in absence of p27, mTOR signaling and autophagy are uncoupled. The 343 requirement for autophagy to induce mTOR reactivation was confirmed in Tet-off Atg5 -/-MEFs 344 in which Atg5 expression is turned off in presence of doxycycline, inhibiting autophagy 78 . In 345 presence of doxycycline, mTOR reactivation was inhibited in these cells ( Fig. 7C, D) . 346 To confirm that p27 controls mTOR activity and autophagy by interfering with Ragulator 347 assembly and function, LAMTOR1 expression was silenced by siRNA in p27 -/and p27 +/+ cells 348 ( Fig. 7E ). In full medium, LAMTOR1 silencing did not affect mTORC1 activation levels ( 363 Surprisingly, p27 had opposite effects on survival upon glucose or aa starvation. While p27 364 expression promoted survival in glucose deprived MEFs, consistent with previous reports 14, 36, 37 , 365 aa starved p27 +/+ MEFs were markedly more susceptible to apoptosis than p27 -/cells ( Fig. 8A, 
366
B). The specificity of this approach to measure apoptosis was validated by addition of ZVAD 367 pan-caspase inhibitor, which blocked apoptosis in aa deprived cells ( Fig. S6A, B ). Differences in 368 caspase cleavage were confirmed by immunoblot ( Fig. S6C ). Re-expression of p27 in p27 -/-369 MEFs increased their susceptibility to apoptosis upon aa starvation (Fig. S6D, E) , confirming the 370 implication of p27 in this phenotype.
371
The role of p27 in protecting against starvation-induced apoptosis was associated with its 372 cytoplasmic localization and capacity to inhibit CDK activity 14, 34, 36 . The importance of these features were tested in aa deprivation conditions. p27 S10A MEFs were resistant to aa deprivation-374 induced apoptosis, similar to p27 -/cells, indicating that the cytoplasmic localization of p27 is 375 required to promote apoptosis ( Fig. 8C, D) . On the other hand, p27 CK-MEFs behaved like p27 +/+ 376 cells and were highly susceptible to aa deprivation-induced apoptosis, indicating that the 377 regulation of cyclin-CDK complexes is not involved in this process (Fig. 8C, D) . This was 378 confirmed by re-expression of p27 CKin p27 -/-MEFs, which restored the susceptibility to aa 379 deprivation-induced apoptosis similar to p27 +/+ cells (Fig. S6D, E) . Thus, while p27 expression 380 promotes survival in response to glucose starvation, it plays a pro-apoptotic role during aa 381 deprivation and this pro-apoptotic role is CDK-independent but requires p27 nuclear export. context-specific manner 81, 82 . mTOR inhibition with Torin1 ( Fig. 8G ) did not increase cell death 392 in aa-starved p27 +/+ MEFs, in which mTOR activity is already low, but potently caused apoptosis 393 in p27 -/cells ( Fig. 8H and S6G ). LAMTOR1 silencing also reversed the resistance to aa Our data provides mechanistic insight in the role of p27 in autophagy in response to aa 431 deprivation. While p27 is known to play a pro-autophagic role under basal conditions, serum and 432 glucose starvation 14, 33, 34, 37 , its effect on aa deprived cells was completely unknown. 433 Interestingly, during prolonged aa starvation, the regulation of mTOR activity required the 434 cytoplasmic localization of p27 but was independent of its ability to regulate CDKs, as p27 S10A 435 and p27 CK-MEFs behaved like p27 -/and wild type cells, respectively. In contrast, during 436 glucose starvation, CDK inhibition by p27 was required to control autophagy 14, 34 . Furthermore, 437 AMPK signaling, which played a major role in p27-mediated autophagy in glucose or serum 438 starved cells 14 , was not activated in aa deprived cells, possibly due to the presence of glucose and 439 serum in the starvation medium, and p27 phosphorylation on T198 did not increase in our 440 experiments. Thus, it appears that p27 regulates autophagy by distinct mechanisms in response to 441 different metabolic stresses. 
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Regulation of autophagy is a complex process in which mTOR activity must be tightly 452 coordinated to control all stages of autophagy, from autophagosome formation to recycling of 453 lysosomes during prolonged periods of starvation. We found that cytoplasmic p27 plays a crucial 454 role in the regulation of autophagy during prolonged aa starvation by controlling mTOR re-455 activation via the modulation of Ragulator activity. Although mTOR inhibits early autophagy 456 events by phosphorylating ULK1, preventing autophagosome formation, ULK1 levels were very 457 low following prolonged aa starvation, as previously reported 47 , suggesting an ULK1-458 independent mechanism in these conditions. The suppression of mTOR activity and nuclear 14, 36, 37 . In fact, we found that autophagy did not protect cells in this context, as 484 pharmacological or genetic inhibition of autophagy did not affect survival under aa starvation. 485 Instead, elevated mTOR activity in p27 -/appeared to be responsible for increased survival, since 486 it could be reversed by pharmacological inhibition of mTOR or LAMTOR1 silencing. An 487 attractive hypothesis is that active mTOR inhibits TFEB activity by cytoplasmic retention, which 488 prevents the induction of pro-apoptotic PUMA, as recently reported 77 . Elevated mTOR activity 489 could also promote survival via the phosphorylation of Bad on S136, inactivating its pro- Primary MEFs were prepared as described previously from p27 +/+ , p27 CK-/CK-, p27 S10A/S10A or 547 p27 -/embryos 6, 13, 102 . MEFs were immortalized by infection with retroviruses encoding the 548 human papilloma virus E6 protein and hygromycin selection. Retroviral infections were 549 performed as described previously 13 . The following concentrations of antibiotics were used for We thank all the members of the Besson and Manenti laboratories for stimulating discussions. 704 We are very grateful to Dr. D.M. Sabatini (Whitehead Institute for Biomedical Research, 
